A two-dimensional quantum mechanical model describing hole induced desorption is developed and discussed. The model is used for a detailed study of hole induced molecular oxygen desorption and dissociation dynamics on a silver surface. The O 2 -substrate interaction is described by four diabatic semiempirical potential energy surfaces. These potentials describe physisorption of O 2 on the substrate together with two molecular ion states ͑superoxide and peroxide͒ and a dissociative adsorption state. The model is used to correlate desorption and dissociation yields with various parameters of the system such as: excitation scheme, substrate work function ( m ) and isotope used (M ad ). In all cases examined, both desorption and dissociation channels were found to be active. It is demonstrated that experimental measurements of the branching ratio between these two channels and the variation of this ratio as a function of m and M ad allows determination of the excitation route induced by the hole.
I. INTRODUCTION
In high pressure heterogeneous catalytic reactions there is a large constant flux of impinging atoms or molecules hitting the surface. One then wonders how this flux influences a gas-surface reaction. Moreover, what perturbations are exerted on a reaction compared to a similar encounter studied under isolated conditions in ultrahigh vacuum. One obvious perturbation is caused by a direct energy transfer from the colliding particle to an adsorbed molecule. This possibility has been widely studied both in the laboratory [1] [2] [3] [4] [5] [6] [7] and in simulation. [8] [9] [10] Indirect events are also possible, for example, the impinging particle can induce creation of a hole if charge is transferred from the metal substrate. This hole can interact with a neighboring adsorbed molecule to induce desorption or dissociation. This mechanism has been suggested by Lee, Rettner, and Auerbach, 11, 12 who have demonstrated that low energy atomic beams of H, O, and N induced dynamic displacement of molecular adsorbates. Considering the collider/adsorbate mass ratio, and the low energy of the projectile, the possibility of a direct collision induced desorption process is ruled out. Moreover, Nienhause et al. 13 have found direct evidence for the creation of electron-hole pairs during adsorption of hydrogen atoms on Cu and Ag surfaces, thus adding credibility to the hole induced displacement mechanism.
In the present article, a theoretical model is constructed aimed at gaining insight into the mechanism involved in hole induced processes at metal surfaces. The system to be modeled is molecular oxygen adsorbed on a silver surface. Molecular oxygen is known to exhibit negatively charged states on transition metal surfaces. [14] [15] [16] [17] The formation of a nearby hole can promote the oxygen molecule from one charged state to another, thus leaving the adsorbed molecule in a nonequilibrium geometry. The subsequent dynamics can either lead to desorption or to dissociation. The purpose of the model is to study in detail the dynamical events induced by the hole and reveal the type of information one can obtain.
II. THE MODEL
Oxygen molecules adsorb on silver in two stable charged states, peroxide and superoxide. [14] [15] [16] [17] These two states differ in the amount of negative charge transfered to the molecule, where the peroxide is more negatively charged than the superoxide. The amount of excess charge on the adsorbate is located in an antibonding orbital, therefore the O-O bond is weakened and extended. The species are partially stabilized on the surface by an image potential, therefore the peroxide has a stronger binding and shorter equilibrium distance along the oxygen-metal coordinate compared with the superoxide. To complete the description of the O 2 -metal interaction, these charged molecular states are coupled to two additional states: one describes interaction of a neutral molecule with the substrate ͑physisorption͒, and the other state characterizes dissociative adsorption. The calculations reported here employ a set of four diabatic coupled model potential energy surfaces ͑PES͒ describing three molecular states of oxygen adsorbed onto a silver surface, and a fourth state that leads to dissociation. The model potential energy surfaces employed were described in great detail previously. 18 The creation of the hole is not considered explicitly in the present model. It is assumed that the hole was created by a nearby atomic adsorbate impinging from the gas phase or by other means such as excitation by a photon.
Within certain limits, the magnitude of the substrate work function can be manipulated experimentally ͑e.g., coadsorption of small amounts of electron donors or acceptors͒. It has been shown experimentally [19] [20] [21] [22] [23] and theoretically [24] [25] [26] ous molecular adsorbates can lead to changes in the molecule-substrate binding. These changes of the molecular binding energies were related to the charge transfer from the alkali atoms to the solid. This charge transfer results in modification of the electronic structure in the neighborhood of the molecular adsorbate. Moreover, the charge density in the molecular states may also be modified by the presence of alkali atoms. These changes in the molecule-surface binding and charge distribution are expected to influence the equilibrium molecule-surface distance, r eq . To the best of our knowledge, no direct experimental evidence of change in r eq upon coadsorption were measured. However, recent developments in computations of electronic structure can elucidate such changes. Hence, the relative location of the potential wells in the two charged molecular states can be manipulated experimentally to some extent. Experimental manipulation of the molecule-surface separation can induce changes in the location and shapes of the seams along which the diabatic PES cross each other. It will be shown below that such changes can markedly influence the dynamics of the hole induced process.
The initial state of the process is assumed to correspond to an adsorbed oxygen molecule in its most stable state, the peroxide state. The hole can promote the initial state into either the superoxide or into the physisorption states. This transition is assumed to be a vertical electronic transition with no nuclear geometry change. A schematic description of the model is shown in Fig. 1 .
Two coordinates are considered explicitly: the distance of the molecular center-of-mass to the surface, z, and the oxygen-oxygen bond distance, r. Starting initially in the peroxide state of the adsorbed O 2 , the two possible hole induced excitations are: Franck-Condon transitions to the physisorption state or to the superoxide state. This is described in our model by a vertical shift of the initial nuclear wave function from the peroxide well to the physisorption or superoxide potentials ͑see Fig. 1͒ . These two excitation routes will be designated as ''per→phys'' and ''per→super.'' A third possibility is that the molecular oxygen is located initially in the superoxide state. The charge transfer to the hole at the surface will lead to excitation of the molecule into the physisorption state. The difference in equilibrium geometry of the peroxide and superoxide states means that the vertical transition to the physisorption state will be to a different region on the corresponding PES. The subsequent dynamics is expected to exhibit new features. This excitation channel is designated as ''super→phys.'' After the vertical excitation step, the dynamics is followed by solving the multichannel time dependent Schrödinger equation. 18 Dynamical information is extracted by following the accumulated flux 27 in the desorption (F des ) and the dissociation (F dis ) channels as well as by monitoring the projections of the wave function on each diabatic PES (P i ); see Fig.2 .
III. RESULTS
The relaxation dynamics of the excited adsorbate is expected to depend on the initial state and on the amount of energy available by the hole. The maximum vertical transition that can be induced by the hole is limited by the adsorption energy of the impinging atom. Starting at the peroxide potential well, the hole can induce a transition either to the physisorption state or to the superoxide state provided that the required energy for such transitions is available. Analysis of the dynamics associated with these possibilities may suggest experimental ways to distinguish between the different mechanisms.
To achieve this goal, four scenarios representing different experimental conditions, were modeled for each of the three excitations schemes. The simulations examined the influence of the variation in peroxide-surface equilibrium separation and isotopic substitution between 16 O 2 and 18 O 2 . Variation of these quantities was chosen since both can be varied experimentally to some extent. As discussed above, the position of the potential well representing the interaction between the charged species and the substrate can be somewhat altered experimentally by changing the substrate work function, m . In the present study, the ''normal'' equilibrium O 2 -Ag distance, r e , in the peroxide state is 1.66 Å and in the ''shifted'' peroxide state it was taken as 1.33 Å. This change in r e corresponds to an increase in the charge transfer to the adsorbate by approximately 0.2 electrons in the peroxide state. This shift in the position of the peroxide well results in an increase in the amount of energy required to excite the adsorbed oxygen molecule. In the normal case the excitation from the peroxide state to the superoxide and physisorption states requires 1.7 and 2.2 eV, respectively. In the third excitation route the corresponding values for the shifted case are 1.8 and 3.7 eV, respectively. The corresponding excitation energies from the superoxide state to the physisorption are 0.8 and 1.2 eV for the unshifted and shifted cases.
The time dependence of the accumulated fluxes of desorption F des , and dissociation F dis , are shown in Fig. 3 for the three excitation schemes. Examination of the results obtained for the first excitation route, ''per→phys,'' top pair in Fig. 3 , shows a fast initial increase of the direct desorption flux for all four cases studied. The rapid initial ejection of adsorbates is followed by a continuous low rate desorption which is accompanied by an increasing dissociation flux. The coupling between the physisorption state and the charged FIG. 1 . A one-dimensional scheme describing the model. molecular states leads to nonadiabatic transition among these states which in turn leads to dissociation. Thus, the dissociation begins a short period following the initial rapid desorption, only after the charged states become populated. The situation changes in the second route of excitation, ''per→super'' middle pair in Fig. 3 . Here a much more gradual increase of both F dis and F des is obtained. Moreover, the accumulation of the flux in both desorption and dissociation channels starts at the same time since both channels are coupled to the excited superoxide state. The desorption yield here is lower than the one obtained in the first scheme. This difference is due to the lower degree of repulsion experienced by the desorbate when excited to the superoxide state as compared to physisorption state. The important role of the repulsion in the excited state manifests itself also in the higher desorption yield observed for shifted adsorbates as compared to those unshifted in both excitation schemes. For the two excitation routes ''per→super'' and ''super→phys,'' oscillations are observed in both dissociation and desorption flux. These oscillations reflect the nonadiabatic transitions that the system undergoes between the various states as a consequence of the hole-induced excitation. A clear manifestation of the nonadiabatic transitions leading to these oscillations can be obtained by examining autocorrelation functions of the wave packet.
The autocorrelation function shown in Fig. 4 exhibits the time variation of ͗P i ͘ on the initial excited state for the excitation schemes examined. This quantity can unravel the mechanism responsible for the branching between the dissociation and desorption channels. Figure 5 shows a typical variation of ͗P i ͘ on all diabatic states obtained for the shifted 18 O 2 case. Following the vertical transition onto the physisorption state, a large fraction of the wave packet is ejected directly into the desorption channel while another portion undergoes a nonadiabatic transition to the two charged molecular states. Subsequent nonadiabatic transitions may lead to dissociation or back to the physisorption potential followed by desorption. The second excitation scheme, ''per→super,'' has no direct route to desorption. In this case, both desorption and dissociation occur only after additional nonadiabatic transitions from the superoxide to the physisorption or dissociation states, respectively. As a result, a monotonic increase of both F des and F dis is observed. For the shifted oxygen case, both desorption and dissociation start shortly after the excitation while in the unshifted case both processes start at a later time. This difference is related to the slightly larger amount of energy required for the excitation of a shifted adsorbate. This excess energy is converted, following excitation, to repulsion of the adsorbate from the surface along the surface normal direction. Apparently, this adsorbate-substrate repulsion results in more efficient desorption as well as dissociation following the transition from the superoxide state to the physisorption and dissociation states, respectively. Moreover, in all four simulations the variation of both F dis and F des exhibit clear oscillations which are related to the transition of the system between the various diabatic states. This is clearly seen in Fig.   4 where the variation of ͗P i ͘ is shown for the shifted peroxide states of the lighter isotope.
The accumulated flux for desorption and dissociation shows a clear dependence on the excitation scheme as well as on the adsorbate mass, M ad , and the location of the crossing seams between the various PES. The branching ratio between the final accumulated desorption and dissociation flux, ⌫, for the various cases examined are summarized in Table I . These results suggest that experimental control of the location of potential crossing seams via changes in substrate work function, m , and variation of M ad may allow determination of the operative excitation scheme. For example in the case of ''per→phys,'' reducing the magnitude of the work function m results in a fivefold increase in the branching ratio ͑for both isotopes͒ while isotope substitution leads to an order of magnitude increase of ⌫. In the other two excitation schemes, at a given m value, an opposite isotope effect is observed. The discussion above suggests that a measurement of ⌫ will exhibit marked isotope effects that seem to be nonregular, see Table I . These branching ratio variations are related to the modes into which the energy is transferred during the hole induced excitation. The vertical transition in the three excitation schemes leads to configurations with different distortions compared with the equilibrium configuration in the excited state. The physisorption and the two charged molecular states correspond to different equilibrium distances in both O 2 -surface and O-O coordinates. The molecule-surface equilibrium distance, Z eq , for the peroxide state is the shortest, while the longest Z eq corresponds to the physisorption state. The situation is reversed in the case of molecular equilibrium separation. Here the peroxide state corresponds to the largest value while the physisorption corresponds to the shortest. The position of the adsorbate on the excited surface, following the hole transfer, determines the amount of energy channeled into these two modes. This will be the same for both isotopes. The isotope dependence is introduced through the vibrational frequencies of the two excited modes. For the lighter isotope the amplitude of vibration, for a given energy, will be smaller then the corresponding value for the heavier isotope. The isotope dependence of ⌫ is determined by the distortion relative to the equilibrium separations on the various potential surfaces following the hole transfer to the adsorbate. Hence it is expected that behavior similar to the one predicted here will be observed experimentally.
IV. DISCUSSION
A quantum mechanical model representing competition between desorption and dissociation due to the displacement mechanism proposed by Lee, Rettner, and Auerbach 11,12 was examined. The calculations indicate that at least three types of hole induced excitation schemes can be responsible for the experimentally observed desorption. Moreover, in all cases examined both desorption and dissociation channels are open and operative. We find that the relative importance of these two channels ͑branching ratio͒ is a sensitive function of the excitation scheme, the substrate work function, and the adsorbate mass. The results described above indicate that measurements of the branching ratio between desorption and dissociation as a function of the work function m and the adsorbed mass M ad may allow experimental determination of the excitation scheme. The results described above correspond to two-dimensional simulations. This reduced dimensionality does not allow to examine the angular distribution of the desorbing particles. In general, electronic induced desorption is expected to promote angular distributions peaked along the surface normal. 28 The desorbates angular distributions in the experiments that lead to the proposition of the displacement mechanism 11,12 exhibit a broad cos -like distribution. The broad angular distribution may be related to the long-range Coulomb repulsion between the charged molecular adsorbate and the ion formed by the adsorption of an atom in a nearby site. Hence the calculation of the angular distribution requires the addition of a third coordinate together with the explicit inclusion of adsorbate-adsorbate repulsion in the simulation. The hole induced desorption ͑and dissociation͒ discussed here may play an important role in a variety of systems. Some photoinduced processes on solid surfaces may exhibit similarities to the system described above. For example, the desorption of oxygen molecules following irradiation of O 2 /Ni͑110͒ system may be partially due to hole induced desorption. In this case the irradiation leads to the dissociation of adsorbed oxygen molecules. The dissociation fragments, oxygen atoms, migrate along the substrate until their excess translational energy is dissipated. The experimentally observed desorption of molecular oxygen may be related to collisions between a hot O atom and a neighboring molecule. However, another possibility, is that the charge transferred to the O atom upon its adsorption results in the formation of a hole which leads to desorption of a neighboring molecule via the displacement mechanism. 29 A hole induced process may also be the explanation of the observed large isotope effect in the photoinduced reaction of OϩCO. 30, 31 
